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Abstract: A comparative study was carried out incorporating a novel approach for thermal
performance evaluations of commonly used parabolic trough collectors, namely the Euro, Sky,
and Helio troughs. In the analysis, pressurized water and therminol-VP1 (eutectic mixture of
diphenyl oxide (DPO) and biphenyl) fluid were introduced as working fluids, and the governing
equation of energy was simulated for various working fluid mass flow rates and inlet temperatures.
The thermal performance of the troughs was assessed by incorporating the first- and second-law
efficiencies and by using temperature increases and pressure drops of the working fluid. It was found
that the first-law efficiency of the troughs increased with the working fluid mass flow rate, while it
decreased with an increasing working fluid inlet temperature. The first-law efficiency remained the
highest for the Euro trough, followed by the Sky and Helio troughs. The second-law efficiency reduced
with an increasing working fluid mass flow rate, while it increased with an increasing working fluid
inlet temperature. The second-law efficiency became the highest for the Helio Trough, followed by
the Sky and Euro troughs. The temperature increase remained the highest along the length of the
receiver for the Helio Trough compared to that corresponding to the Euro and Sky troughs for the
same mass flow rate of the working fluid. The pressure drops in the working fluid became high for
the Euro Trough, followed by the Sky and Helio troughs. The pressurized water resulted in higher
second-law efficiency than the therminol-VP1 fluid did for all of the troughs considered.

Keywords: thermal performance; solar troughs; first- and second-law efficiency; pressure drop

1. Introduction

The utilization of renewable energy resources has become a necessity rather than a preference
due to the recent changes in the climate. The most abundant renewable energy source is solar energy,
which enables us to obtain the concentrated thermal radiation power on surfaces. Various design
configurations have been introduced to harvest solar thermal energy for various thermal applications.
The parabolic trough is one of the main solar energy concentrators for harvesting solar thermal power.
In general, three design configurations of troughs are well known for practical applications. These
include the Euro Trough [1], Sky Trough [2], and Helio Trough [3]. On the other hand, many factors
affect the performance of solar troughs, some of which include the concentration of solar radiation,
wind speed, working fluid type, mass flow rate, and inlet temperature of the working fluid. The thermal
performance of troughs and receivers in terms of first- and second-law efficiencies can be improved via
the proper selection of operating conditions such as working fluid type, mass flow rate, and the inlet
temperature of the working fluid. Although the design configurations of solar troughs and receivers
are well established, the proper selection of a solar trough system to maximize its thermal performance
has become critical for certain practical applications. The working fluid, such as pressurized water
or therminol liquid, at different mass flow rates influences the trough system performance. Hence,
thermal analysis of a trough system’s performance in terms of first and second law analysis has

Energies 2019, 12, 3130; doi:10.3390/en12163130 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-0670-6306
http://www.mdpi.com/1996-1073/12/16/3130?type=check_update&version=1
http://dx.doi.org/10.3390/en12163130
http://www.mdpi.com/journal/energies


Energies 2019, 12, 3130 2 of 20

become essential to assessing the influence of the working fluid type and its mass flow rate on the
system performance.

Considerable studies have been carried out formulating the thermal performance of solar trough
systems. A model study of thermal flow systems and the characteristics of carrier fluid remains the
center of attention in the assessment of solar collector systems’ performances [4]. A falling-particle
solar receiver with a closed cavity arrangement provided improved collector efficiency due to heat
recovery from the particles and the minimization of reradiation losses [5,6]. Introducing a gradually
varying volumetric solar receiver could also reduce radiation losses from the surface and improve
the absorption of solar radiation while enhancing the receiver performance [6]. In some applications,
porous structures have been integrated into the solar absorbing media to improve thermal energy
exchange with the working fluid [7–9]. Incorporating low porous structures improved the working
fluid temperature at the solar receiver outlet [8]. In addition, metallic foams have become one of the
porous structures used as an absorbing media in the solar harvesting device [10]. However, heat losses
from the solar harvesting device play a major role in reducing the device performance. In general,
the heat loss from the surface is presented as a percentage of the solar energy harvested, and for certain
designs of the solar receiver, a linear correlation is present between the heat loss and the harvested solar
energy [11]. The minimization of heat losses became critical when the solar receiver was integrated
with an engine such as a sterling engine [12]. The optimal design of a solar trough resulting in
improved energy harvesting while minimizing heat losses was necessary for efficient operation of the
energy harvesting system [13]. The gradual variation of the receiver volume could reduce the heat loss
and improve solar absorption [13]. The geometric configuration in terms of the depth of the device
also influenced the heat losses from the solar receiver while lowering device performance in shallow
depths [14]. Moreover, thermal absorber tubes remained popular for concentrated solar absorption
in thermal power systems [15]. The displacement of the tube in the trough system also influenced
the performance of the system, which was more pronounced if the working fluid had a low inlet
temperature; however, at high-temperature applications, small misalignments did not significantly
lower the device performance [16]. Nevertheless, for high-temperature solar heating applications,
the solar collector design should be based on three-dimensional simulations, and the resulting design
configuration should be tested for further improvement of the device performance [17]. The use of
nanofluids in solar collectors was shown to improve the device performance because of heat transfer
enhancement [18]; however, care must be taken for the working fluid’s stability at high temperatures.
In the case of experimental investigations, several studies were carried out to examine the solar receiver
performance [19,20]. Granular flow via a perforated solar receiver was one of the preferences for
the efficient operation of solar thermal systems [19], and tubular pressurized flow systems have also
attracted attention for solar thermal applications of gas flow systems [20].

Thermal analyses of solar receivers incorporating parabolic troughs have been studied
previously [4], where the main focus was an investigation of the thermal performance of the solar
absorbing system in introducing new design configurations of parabolic troughs. However, evaluating
the performances of various commonly used troughs in practice was left for future studies. In addition,
the influence of the mass flow rate and inlet temperature of various commonly used working fluids on
the thermal performance of these devices needed to be presented comparatively. Consequently, in the
present study, a performance analysis of the Euro Trough, Helio Trough, and Sky Trough was carried
out, and the influence of the mass flow rate and inlet temperature of the working fluid on the first- and
second-law efficiencies of the thermal system was assessed. The first- and second-law efficiencies of
these troughs were compared after incorporating pressurized water and therminol as the working
fluid. The efficiency prediction was validated with that reported in a previous study [21].
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2. Materials and Methods

Figure 1 shows a schematic view of a solar parabolic trough collector (PTC), while Table 1 provides
PTC data. The first- and second-law efficiencies of the most commonly used troughs, namely the Euro,
Sky, and Helio troughs, were formulated.
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Figure 1. A schematic view of the parabolic trough collector (PTC) used in the analysis.

Table 1. Geometric data for the three parabolic trough collectors [1–3].

Collector Euro Trough Sky Trough Helio Trough

Developer European Consortium Skyfuel USA Flagsol GmbH
Aperture, Ap(m) 5.76 6 6.77

Module length, L(m) 12 14 19.1
Rim Angle, (θ◦) 80 82.5 89.5

Focal length, F(m) 1.71 1.71 1.71
Absorber tube diameter, (Dm) 0.07 0.08 0.09

In a previous study [22], the trough was formulated through lumped analysis with only an inlet
and exit. However, in the present study, the total length of each parabolic trough assembly was divided
into elements (n = 120) such that the total aperture area was Aa (=

∑n
j=1 ∆Aa, j). It was considered that

the trough receives direct solar irradiation (Gb) while reaching its aperture area (Aa). The total solar
irradiation received (Qs), which is available on the collector, is determined from [23]

Qs =
∑n

j=1
∆Aa, j.Gb, (1)

where ∆Aa, j =
Aa
n .

The solar radiation received is partly transferred to the working fluid while causing temperature
increase. The energy transferred to the working fluid is considered to be the useful energy (Qu), which
can be formulated after incorporating the energy balance on each fluid element, which yields [24]

Qu =
.

mCp
(
T f out − T f in

)
, (2)
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where
.

m is the working fluid mass flow rate, Cp is the specific heat of the working fluid, Tfout is the
working fluid outlet temperature, and Tfin is the working fluid inlet temperature. One of the most
important thermal performance indicators for the solar collector is its thermal efficiency (ηth), which
can be defined through the ratio of the useful energy (Qu) to the available solar irradiation (Qs). This
can be written as

ηth =
Qu

Qs u
. (3)

The useful absorbed energy for each element can be determined by incorporating heat transfer
inside the absorber tube. Hence, the equation describing the heat convection heat transfer from the hot
absorber to the flowing working fluid yields

Qu =
∑n

j=1
h∆An. j(Tr, j − T f , j), (4)

where ∆An = An
n , and h is the heat transfer coefficient, which can be determined from the Nusselt

number for flow inside tubes, defined as

Nu =
hDn

k
, (5)

where Dn is the receiver tube inner diameter, and k is the thermal conductivity of the working fluid.
Since the Reynolds number is greater than 2000, the turbulence flow is considered in the analysis.
For turbulent pipe flow, the Dittus-Boelter equation [25] can be used to evaluate the Nusselt number,
which is

Nu = 0/023Re0.8Pr0.4, (6)

where Re is the Reynolds number, and Pr is the Prandtl number, defined as Re = 4
.

m
πDnµ

and Pr = µCp
k .

Thermal losses (Qloss) from the trough are an important part of the energy calculations. In this
case, the energy balance across the trough yields [26]

Qsηopt = Qu + Qloss, (7)

where (ηopt) is the optical efficiency of the collector. The thermal losses can be evaluated by considering
the heat transfer in the solar receiver. Hence, it becomes essential to balance the energy exchange
between the receiver (absorber) tube, its cover, and the surrounding environment. In a steady-state
situation, the thermal energy transfer to the surroundings through the cover is associated with the
thermal losses. Hence, after incorporating the thermal radiation losses while neglecting the convection
losses, the following equation describes the thermal energy exchange between the absorber and its
cover [22]:

QAbsorption−loss =
∑n

j=1

∆Aro, jσ
(
T4

r, j − T4
c, j

)
1
εr
+ 1−εc

εc

(
∆Aro, j
∆Aci, j

) , (8)

where A is the area, ∆Aro =
Aro
n , ∆Aci =

Aci
n , σ is the Stefan–Boltzmann constant (5.67 × 10−8 W/m2 K4),

ε is the emittance, and T is the temperature.
The absorber cover can exchange thermal energy with its ambient via convection and radiation

heat transfer. The thermal energy loss from the absorber cover is formulated using the above equation
(Qloss). Here, it is essential to indicate that for the evacuated tubes, the cover temperature is relatively
low, and it takes values closer to the ambient temperature than the absorber temperature. Hence,
the thermal energy loss from the cover to its ambient yields

QAmbient−loss =
∑n

j=1
∆Aco. jhout(Tc, j − Tamb) + ∆Aco, jσεc

(
T4

c, j − T4
amb

)
, (9)
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where A is the area, ∆Aco =
Aco
n , h is the heat transfer coefficient, and T is the temperature.

The exergetic performance of the collector can be evaluated by assessing the irreversibility
associated with the thermal system. In this case, exergy analysis provides information about the
maximum possible energy that can be harvested from the system. In general, the exergetic output
is equal to the subtraction of thermal irreversibility (in terms of entropy generation) from the useful
output: that is, it takes the form

Eu = Qu − Tamb
.

sgen, (10)

where Qu is the useful output,
.
sgen is the entropy generation rate, and T is the temperature. The above

equation can be modified to take the form [27]

Eu = Qu −
.

mTamb

∫ v

j=1

(
Cp.ln

T f out, j

T f in, j
−

∆P j

ρT f in, j

)
, (11)

where Cp is the specific heat, and ∆P is the pressure drop.
The above equation gives the exergetic output of the solar collector, which is equal to the thermal

output minus the losses due to temperature and pressure drops in the receiver system. The first term
in the losses part of Equation (11) is related to the heat transfer representing the heat losses of the
surrounding environment. The second term is associated with the pressure losses along the tube.

Exergy analysis related to solar thermal energy was introduced by Petela [28]. The sun can be
considered to be the source for thermal radiation, and hence, the exergy of emitted solar radiation
is involved in a complicated formulation. However, the exergy of solar radiation can be simplified
by assuming a constant surface temperature of the sun at 5770 K. The exergy of solar radiation was
formulated by Petela [28], and the resulting equation yields

Es = Qs

(
1−

4
3

Tamb
Tsun

+
1
3

(Tamb
Tsun

)4)
. (12)

The exergetic performance of the solar collector can be defined through second-law efficiency
(ηex), which is the ratio of exergetic output over the solar exergy input given by

ηex =
Eu

Es
, (13)

where Eu is the exergetic output and Es is the solar exergy input.
The pressure drop in the tubing system can be formulated with the consideration of the friction

factor (fr). In this case, the pressure drop can be formulated as

∆P = fr
L
D

1
2
ρu2, (14)

where Dri is the tube diameter, L is the tube length, ρ is the working fluid density, and u is the flow
mean velocity inside the tube. The friction factor can be written from the Petukhov relation [25]:

fr =
1

(0.79 ln(Re) − 1.64)2 . (15)

The mean velocity of the flow can be determined from the mass flow rate inside the tube, yielding

u =

.
m

ρπDn
4

, (16)

where
.

m is the mass flow rate.
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An energy equation solver (EES) code incorporating the above formulation was developed to
determine the thermal efficiency (the first-law efficiency), exergetic efficiency (the second-law efficiency),
temperature increase along the receiver tube, and pressure drop in the working fluid. In the simulations,
the most commonly used Euro [1], Sky [2], and Helio [3] troughs were considered. A comparative study
of the thermal performance of each trough is presented incorporating various working fluid mass flow
rates and inlet temperatures while considering pressurized water and therminol as the heat transfer fluid.

The first-law efficiency predicted by the present formulation was validated through data presented
in an earlier study [21] while keeping the same working conditions. Figure 2 shows a comparison
between current predictions and the previous study [21] of the first-law efficiency with a normalized
temperature difference ((Tin−Tamb)/G, where Tin is the receiver inlet temperature, Tamb is the receiver
ambient temperature, and G is the solar irradiation). The findings revealed that both results were in good
agreement, and the differences between both results were within an acceptable range. The maximum
difference between the experimental data and the predictions was on the order of 8%, which occurred
at low solar radiation. The small differences were because of the experimental error, which was on the
order of 8%, and the round-off errors in the simulations.
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3. Results and Discussion

A thermal analysis of a concentrated solar thermal system was carried out incorporating the
parabolic troughs, namely the Euro Trough, Sky Trough, and Helio Trough. The first- and second-law
efficiencies were formulated by adopting the configurations of the troughs, and a comparative study
was introduced to assess the thermal performance of each trough for various mass flow rates and inlet
temperatures of the working fluids.

Figure 3 shows the first-law efficiency contours with working fluid inlet temperature and mass
flow rate for two different working fluids, namely pressurized water and therminol-VP1. The inlet
temperature resembled the conditions when the solar trough was used in the series. In this case,
the inlet temperature for the first trough could be 300 K, and the following trough in the series
connection was 375 K. In addition, in order to keep similar first-law efficiency behavior at a similar
working fluid inlet temperature, the range of the mass flow rate of the working fluid was changed for
therminol-VP1. However, the equations used for determining the first-law efficiency were the same for
both fluids while incorporating the appropriate thermal properties. In general, an increasing mass
flow rate enhances the first-law efficiency of the system, where an increasing mass flow rate in the
system improves the energy absorbed from the solar radiation by the working fluid. This was true
for the Euro, Sky, and Helio troughs. The range of the inlet temperature of the pressurized water
(as the working fluid), sustaining high efficiency, attained higher values than those corresponding
to therminol-VP1, i.e., the maximum temperature of the pressurized water sustaining the first-law
efficiency within the range of 0.95 was 312 K, while it was almost 305 K for therminol-VP1 in the
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Helio trough. This situation changed with a change in the trough type. In this case, the Euro and Sky
troughs attained similar range of inlet temperatures for an efficiency of 0.95 using the pressurized and
therminol-VP1working fluids. After incorporating the same mass flow rate and inlet temperature
ranges, the performances of the troughs in terms of the first-law efficiency became higher for the
Euro trough, followed by the Sky and Helio troughs. This finding remained the same for both the
pressurized and therminol-VP1 working fluids. However, the therminol-VP1 working fluid resulted in
slightly higher first-law efficiency than pressurized water did for a given mass flow rate. In addition,
an increasing mass flow rate reduced the maximum inlet temperature of the fluid for high values of
the first-law efficiency. Consequently, for a fixed high value of mass flow rates and inlet temperatures
of the working fluid, the Euro trough resulted in higher first-law efficiency than the Sky and Helio
troughs did. On the other hand, in order to obtain large values of the first-law efficiency, the mass flow
rate of the working fluid should remain high, while the range of the inlet temperature of the working
fluid should remain low. This finding demonstrates that for a series of troughs, the second trough
would result in lower first-law efficiency than the first trough in the series would. This finding was
true for all of the types of troughs incorporated in the present study.

Figure 4 shows the contours of the second-law efficiency of the Euro, Sky, and Helio troughs with
inlet temperatures and mass flow rates for two different working fluids, namely pressurized water and
therminol-VP1. In general, the second-law efficiency remained low as the mass flow rate increased, while
the inlet working fluid temperature reduced, which was almost opposite behavior to that observed for the
first-law efficiency. Since the heat transfer to the working fluid increased the entropy generation rate, the
second-law efficiency reduced with an increasing mass flow rate, which was true for all troughs used.
In addition, increasing fluid inlet temperature reduced the entropy generation rate due to heat transfer:
hence, the second-law efficiency increased with increasing working fluid inlet temperatures.

The behavior of the second-law efficiency for different working fluids changed such that
pressurized water resulted in slightly higher second-law efficiency than that corresponding to
therminol-VP1 for the same range of fluid mass flow rates and inlet temperatures. Moreover,
the values of the second-law efficiency remained similar for the Euro and Sky troughs under the same
ranges of mass flow rates and inlet temperatures for a given working fluid type.

The second-law efficiency corresponding to the Helio trough remained slightly higher than that of the
Euro and Sky troughs for the same range of mass flow rates and inlet fluid temperatures. Consequently,
the Helio trough demonstrated improved second-law efficiency despite having a reduced first-law
efficiency for the fixed mass flow rate and inlet temperature of the working fluid. The use of pressurized
water in the thermal system gave rise to increased second-law efficiency even though the first-law
efficiency remained low. In addition, the mass flow rate of pressurized water became smaller, with a
thermal performance similar to the therminol-VP1 working fluid in all the troughs used in the simulations.

Figure 5 shows the contours of pressure drops (∆P/(1/2 ρV2): here, ∆P is the pressure drop in the
absorber tube, is the working fluid density, and V is the working fluid inlet velocity) with the working fluid
mass flow rates and inlet temperatures for the different troughs incorporated in the analysis. In general,
pressure drops increased with increasing mass flow rates; however, fluid inlet temperature did not have a
significant effect on the pressure drop. In addition, the pressure drop remained significantly smaller for
pressurized water than for therminol-VP1. The pressure drop remained higher in the Euro trough than
in the Sky and Helio troughs for each working fluid; however, the pressure drop in the Helio Trough
remained lower than that of the Sky trough. Consequently, using the Helio Trough gave rise to low pressure
drops for each working fluid, despite the fact that the first-law efficiency of the Helio Trough was lower
than that corresponding to the Euro and Sky troughs. Figure 6 shows the contours of the working fluid
outlet temperature with the working fluid mass flow rate and inlet temperature for two different fluid
types. The working fluid outlet temperature reduced with reducing working fluid inlet temperatures and
increased mass flow rates, which was more pronounced for pressurized water. Nevertheless, at high mass
flow rates, the temperature difference between the working fluid inlet and exit temperature became about
25 ◦C, and the temperature difference increased with reducing working fluid mass flow rates. This finding
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was true for all of the troughs incorporated in the analysis. However, for a given mass flow rate, the Euro
Trough resulted in improved working fluid outlet temperatures, followed by the Sky and Helio troughs.
This behavior was true for both the pressurized water and therminol-VP1 fluids. Hence, the working fluid
outlet temperature remained higher for the Euro Trough when a high mass flow rate of the working fluid
was incorporated. The influence of the mass flow rate on fluid outlet temperature became similar for the
Sky and Helio troughs for the therminol-VP1 fluid; however, this behavior changed for pressurized water.
In this case, the working fluid outlet temperature became higher for the Helio Trough than the Sky Trough
for a given mass flow rate and fluid inlet temperature.Energies 2019, 12, x FOR PEER REVIEW 8 of 22 
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Figure 7 shows the first- and second-law efficiencies and outlet temperature of the working fluid
for the Euro, Sky, and Helio troughs with a working fluid mass flow rate incorporating pressurized
water for minimum and maximum working fluid inlet temperatures that were considered in this study.
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The first-law efficiency attained larger values for the low values of the working fluid inlet temperature
than for the high inlet temperatures. This behavior was true for all of the troughs considered. This was
associated with the heat input to the working fluid, which increased with low values of the working
fluid inlet temperature. Hence, the energy gained by the working fluid increased while increasing the
first-law efficiency. The increase of the first-law efficiency was sharp for a small range of mass flow rates
(≤0.1 kg/s), and as the mass flow rate increased, the enhancement of the first-law efficiency became
gradual, which was true for the Euro, Sky, and Helio troughs. The gradual increase of the first-law
efficiency showed that when pressurized water was used as the working fluid, a large increase in the
first-law efficiency could be obtained for a mass flow rate within the range of 0.1 kg/s; however, a further
increase in the mass flow rate did not yield a substantial increase in the first-law efficiency. The first-law
efficiency remained high for the Euro Trough, followed by the Sky and Helio troughs. Consequently,
the Euro Trough demonstrated the highest performance in terms of the first-law efficiency. In addition,
increasing inlet temperatures of the working fluid lowered the first-law efficiency almost 6% for all
of the troughs incorporated. In the case of the second-law efficiency, low mass flow rates resulted
in high values of the second-law efficiency for all troughs incorporated. Increasing mass flow rates
lowered the second-law efficiency of the troughs. The second-law efficiency remained high for the
Euro Trough when the working fluid mass flow rate remained low (≤0.02 kg/s), which was true for
both low and high temperatures of the working fluid. The working fluid mass flow rate corresponding
to the peak value of the second-law efficiency changed with the trough type: it increased slightly for
the Helio Trough. The second-law efficiency reached its maximum at different mass flow rates, and
this behavior changed with the working fluid inlet temperature. At a working fluid temperature of
375 K, the second-law efficiency reached its peak when the working fluid mass flow rate was 0.02 kg/s
for the Euro Trough, and it became 0.035 kg/s for the Sky Trough and was 0.6 kg/s for the Helio Trough.
Nevertheless, the peak value of the second-law efficiency was larger for the Euro Trough. The decay of
the second-law efficiency from its peak value became relatively gradual for the Helio Trough compared
to the other troughs. Consequently, selection of the Helio Trough provided a gradual change in the
second-law efficiency when the working fluid mass flow rate was increased. Therefore, when operating
the trough at high mass flow rates, the Helio Trough provided better performance in terms of the
second-law efficiency than the Euro and Sky troughs did.

The performances of the Euro and Sky troughs at high working fluid inlet temperatures became
almost same as the mass flow rate of the working fluid increased. However, this behavior differed
as the mass flow rate reduces below 0.5 kg/s, in which case the Euro Trough gave rise to the highest
second-law efficiency. In the case of the working fluid outlet temperature, the outlet temperature
reduced sharply with increasing mass flow rates (≥0.06 kg/s), and the decay became gradual with
further increases in the working fluid mass flow rate. The highest inlet temperature was selected at
375 K, which corresponded to the outlet temperature of the first trough in the series-connected trough
system when the inlet temperature of the working fluid was 300 K. Hence, for an inlet temperature of
300 K, the trough outlet temperature reached 375 K for larger mass flow rates in the Helio Trough than
in the Euro and Sky troughs. Consequently, using the Helio Trough at high mass flow rates allowed the
second trough in the series operation to have high efficiencies. In addition, the second Helio Trough
in the series connection resulted in higher outlet temperatures of the working fluid for large mass
flow rates.

Figure 8 shows the first- and second-law efficiencies and outlet temperature of the working
fluid with mass flow rates for the Euro, Sky, and Helio troughs when therminol-VP1 fluid was used.
The behaviors of the first- and second-law efficiencies with the mass flow rate remained almost the
same as those predicted for pressurized water (Figure 7). However, the maximum first- and second-law
efficiencies for different troughs changed for the therminol-VP1 fluid. In that case, the first-law
efficiency improved while the second-law efficiency reduced when therminol-VP1 fluid was used. This
was true for all of the troughs considered. In addition, the outlet temperature of the working fluid
attained lower values with therminol-VP1 fluid than with pressurized water.
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Figure 8. First- and second-law efficiencies and outlet temperature of the absorbing tube in the Euro,
Sky, and Helio troughs with working fluid mass flow rates for two inlet temperatures of therminol-VP1.

Figure 9 shows the normalized working fluid temperature difference ((T−Tin)/Tin, where T
represents the working fluid temperature in the trough, and Tin is the working fluid inlet temperature)
with the normalized trough length ((L/Lmax), where L is the length along the trough, and Lmax is the
maximum length of the trough) for two working fluid mass flow rates. With higher values of length
downstream of the flow, the normalized temperature difference was enhanced; however, the behavior
of the temperature difference was in a parabolic form rather than in a linear form for the low mass
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flow rates of the working fluid. As the mass flow rate of the working fluid increased, this behavior
became almost linear. The slope of the temperature difference changed with the trough types, in which
case, the slope became largest for the Helio Trough, followed by the Sky and Euro troughs. In the
case of low mass flow rates of the working fluid, the trough length reduced considerably for the
maximum temperature difference, reaching 1.4 times the inlet temperature of the working fluid when
the Helio Trough was used. This situation completely changed as the mass flow rate of the working
fluid increased to 1 kg/s. Hence, the dimensionless trough length became almost the same, achieving
similar maximum outlet temperatures for the Euro, Sky, and Helio troughs. Similar situations were also
observed for a high inlet temperature (375 K) of the working fluid. The maximum temperature became
almost 1.6 times the inlet temperature at the end of the trough length for low mass flow rates of the
working fluid. Consequently, in terms of the temperature ratio, increasing working fluid temperatures
at the trough exit became not as significant as the low inlet temperature was.
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Figure 9. Dimensionless temperature along normalized length of the absorbing tube in the Euro, Sky,
and Helio troughs with two mass flow rates and inlet temperatures of pressurized water.

Figure 10 shows the normalized temperature difference of the working fluid for therminol-VP1
with the normalized trough length for two working fluid mass flow rates similar to those shown in
Figure 9. The temperature difference behaved similarly to that of pressurized water (shown in Figure 9),
provided that the temperature difference remained smaller for therminol-VP1 than for pressurized
water. The normalized length (L/Lmax) of the trough increased to achieve 1.6 times the inlet fluid
temperature for the working fluid of therminol-VP1: that is, the normalized temperature difference
became almost half of that corresponding to pressurized water. Hence, the use of pressurized water
lowered the normalized trough length to achieve the same temperature increase across the trough.
This finding was true for all troughs incorporated in the analysis.
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Figure 10. Dimensionless temperature along normalized length of the absorbing tube in the Euro, Sky,
and Helio troughs with two mass flow rates and inlet temperatures of therminol-VP1.

Figures 11 and 12 show comparisons of the performances of the Euro, Sky, and Helio troughs in
terms of the first- and second-law efficiencies for pressurized water and therminol-VP1. The comparison
is provided for different mass flow rates to demonstrate the thermal performances of the troughs
due to variations in the mass flow rate. The behavior of the first-law efficiency with the mass flow
rate demonstrated a similar trend for all of the troughs considered. In that case, a low rate of mass
flow lowered the first-law efficiency. However, the variation in the first-law efficiency became almost
the same for mass flow rates ≥0.4 kg/s for therminol-VP1 and ≥0.08 kg/s for pressurized water, i.e.,
the first-law efficiency attained almost a steady value with more increases in the mass flow rate.
Increasing the fluid inlet temperature lowered the first-law efficiency, which was more pronounced in
the case of a low mass flow rate. The first-law efficiency attained slightly higher values for pressurized
water than for the therminol-VP1 fluid. The Helio Trough resulted in the lowest first-law efficiency,
which became more apparent for low mass flow rate cases (≥0.4 kg/s for therminol-VP1 and 0.08 kg/s
for pressurized water). This behavior was true for low and high inlet temperature values (300 K and
375 K). On the other hand, the second-law efficiency attained higher values with reducing mass flow
rates, which was more pronounced for low inlet temperatures of the working fluid (300 K). In addition,
the second-law efficiency remained high and attained almost a steady value for a working fluid inlet
temperature of 375 K, which was true for therminol-VP1 and pressurized water. In general, the Helio
Trough resulted in slightly higher second-law efficiencies than the other troughs did. The second-law
efficiency of pressurized water remained higher than that corresponding to therminol-VP1 fluid. Hence,
operating troughs with therminol-VP1 fluid gave rise to relatively higher first-law efficiency than the
other troughs did; however, the opposite was true for the second-law efficiency. The Helio Trough
operating either at a high inlet temperature or a low mass flow rate gave rise to improved second-law
efficiency. The Euro Trough operating either at high mass flow rates or low inlet temperatures resulted
in higher first-law efficiency than the other troughs did.



Energies 2019, 12, 3130 17 of 20
Energies 2019, 12, x FOR PEER REVIEW 19 of 22 

 

 

 

Figure 11. Comparison of first- and second-law efficiencies of the Euro, Sky, and Helio troughs due 

to different mass flow rates and for two inlet temperatures of pressurized water. 

  

Figure 11. Comparison of first- and second-law efficiencies of the Euro, Sky, and Helio troughs due to
different mass flow rates and for two inlet temperatures of pressurized water.

Energies 2019, 12, x FOR PEER REVIEW 20 of 22 

 

 

 

 

Figure 12. Comparison of first- and second-law efficiencies of the Euro, Sky, and Helio troughs due 

to different mass flow rates and for two inlet temperatures of therminol-VP1. 

4. Conclusions 

The thermal performances of most commonly used solar troughs were analyzed in terms of the 

first-law and second-law efficiencies and the temperature rise in the working fluid. In this case, Euro, 

Sky, and Helio troughs were incorporated into the analysis. Pressurized water and therminol-VP1 

were used as the working fluids in the thermal system. The influence of the fluid mass flow rate and 

inlet temperature on the trough performance was examined. The simulation results were validated 

with the data provided in an earlier study. It was found that the first-law efficiency predicted versus 

the dimensionless temperature was found to be in good agreement with the previous data. In general, 

an increasing mass flow rate enhanced the first-law efficiency; however, increasing the working fluid 

inlet temperature lowered the first-law efficiency. The pressurized water gave rise to higher first-law 

efficiency compared to therminol-VP1. The rise of the first-law efficiency with an increasing mass 

flow rate remained high for the low mass flow rate ranges. As the mass flow rate increased, the rise 

of the first-law efficiency became gradual. The Euro trough resulted in the highest first-law efficiency, 

followed by the Sky and Helio troughs. This was true for all of the mass flow rates and inlet 

temperatures of the working fluids that were incorporated. The second-law efficiency behaved 

oppositely to the first-law efficiency, where an increasing mass flow rate and inlet temperature of the 

working fluid lowered the second-law efficiency. The use of pressurized water gave rise to relatively 

higher second-law efficiency than the use of therminol-VP1 did. The Helio Trough gave rise to the 

highest second-law efficiency, followed by the Sky and Euro troughs. However, the second-law 

efficiency of the Sky and Euro troughs was almost same. The attainment of a high second-law 

efficiency for the Helio Trough is related to the outlet temperature, which is the highest for large mass 

flow rates compared to the Euro and Sky troughs. Consequently, using the Helio Trough at high mass 

flow rates would allow the second trough in a series operation to have high efficiencies. The 

temperature parameter ((T−Tin)/Tin) increased sharply along the Helio Trough’s length for all of the 

values of the mass flow rates considered. This yielded a shorter normalized trough length for the 

Figure 12. Comparison of first- and second-law efficiencies of the Euro, Sky, and Helio troughs due to
different mass flow rates and for two inlet temperatures of therminol-VP1.



Energies 2019, 12, 3130 18 of 20

4. Conclusions

The thermal performances of most commonly used solar troughs were analyzed in terms of the
first-law and second-law efficiencies and the temperature rise in the working fluid. In this case, Euro,
Sky, and Helio troughs were incorporated into the analysis. Pressurized water and therminol-VP1
were used as the working fluids in the thermal system. The influence of the fluid mass flow rate and
inlet temperature on the trough performance was examined. The simulation results were validated
with the data provided in an earlier study. It was found that the first-law efficiency predicted versus
the dimensionless temperature was found to be in good agreement with the previous data. In general,
an increasing mass flow rate enhanced the first-law efficiency; however, increasing the working
fluid inlet temperature lowered the first-law efficiency. The pressurized water gave rise to higher
first-law efficiency compared to therminol-VP1. The rise of the first-law efficiency with an increasing
mass flow rate remained high for the low mass flow rate ranges. As the mass flow rate increased,
the rise of the first-law efficiency became gradual. The Euro trough resulted in the highest first-law
efficiency, followed by the Sky and Helio troughs. This was true for all of the mass flow rates and
inlet temperatures of the working fluids that were incorporated. The second-law efficiency behaved
oppositely to the first-law efficiency, where an increasing mass flow rate and inlet temperature of the
working fluid lowered the second-law efficiency. The use of pressurized water gave rise to relatively
higher second-law efficiency than the use of therminol-VP1 did. The Helio Trough gave rise to the
highest second-law efficiency, followed by the Sky and Euro troughs. However, the second-law
efficiency of the Sky and Euro troughs was almost same. The attainment of a high second-law efficiency
for the Helio Trough is related to the outlet temperature, which is the highest for large mass flow
rates compared to the Euro and Sky troughs. Consequently, using the Helio Trough at high mass flow
rates would allow the second trough in a series operation to have high efficiencies. The temperature
parameter ((T−Tin)/Tin) increased sharply along the Helio Trough’s length for all of the values of the
mass flow rates considered. This yielded a shorter normalized trough length for the Helio Trough,
achieving high working fluid temperatures at the trough exit. The pressure drop in the working
fluid across the trough was the highest for the Euro Trough, followed by the Sky and Helio troughs.
Consequently, the Helio Trough provided a high temperature rise along a normalized trough length,
a low pressure drop in the working fluid across the trough, and the highest second-law efficiency
despite the fact that the first-law efficiency remained the lowest compared to the Euro and Sky troughs.
The present study provides insight into the thermal performance of the most commonly used parabolic
solar troughs and provides useful comparative data in terms of the first- and second-law efficiencies,
temperature rises, and pressure drops in the working fluid across the absorber tube length.
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